INTRODUCTION
West Nile virus (WNV, family Flaviviridae, genus Flavivirus) is an arthropod-borne zoonotic, epizootic and epornitic pathogen of the Japanese encephalitis serogroup. WNV was first identified in the blood of a febrile woman in the West Nile province of Uganda in 1937. It was considered a mild pathogen, of non-significant impact to public health, until the decade of 1990s, when virulent epidemics of WNV molecule of positive polarity, approximately 11 000 nt in length, encoding a unique polyprotein that is processed proteolitically to yield three structural [capsid (C), membrane (prM/M) and envelope (E)] and seven nonstructural (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5) viral polypeptides. Phylogenetically, WNV is divided into two major lineages. Lineage 1 predominates in North America, Asia, Europe, the Middle East and Northern Africa. Lineage 2 is found primarily in Africa, although since 2004 it has also been observed in Central (Bakonyi et al., 2006; Weissenböck et al., 2010) and Eastern (Platonov et al., 2008) Europe, and in 2010 it caused disease outbreaks in Greece and Romania (Papa et al., 2011; Sirbu et al., 2011) . Additional lineages have been proposed (Bakonyi et al., 2005; Bondre et al., 2007; Vazquez et al., 2010) , although their epidemiological significance remains unclear.
Epidemiologically, WNV is maintained in nature through a transmission cycle involving mosquitoes as vectors and wild birds as reservoir hosts, horses and humans being dead-end hosts (that is they are susceptible to the disease, but do not transmit the virus). Most WNV infections in avian hosts are asymptomatic and viral circulation often remains unnoticed. However, WNV infection can be fatal in certain wild bird species (Komar et al., 2003; McLean et al., 2002) . Individuals surviving the infection develop long-lasting protective immunity (Nemeth et al., 2009) . Birds are believed to carry the virus over long distances during migration and this mechanism is thought to allow the virus to spread geographically. This mechanism has largely been claimed as the source of the viruses found in Europe, which would allegedly originate in Africa. However, evidence of bird-mediated translocation of the virus between both continents has proven difficult to obtain, and the only case where this was achieved was in a flock of storks found infected in Israel on their way back to Africa from Europe ).
In the Western Mediterranean region, an early epidemic of WNV is documented in the decade of 1962-1971, affecting horses in the Camargue region of France and in Southern Portugal (Murgue et al., 2001a; Parreira et al., 2007) . It probably also affected Spain (Lozano & Filipe, 1998) . After 23 years of epidemiological silence, new sporadic cases/ outbreaks in the area were observed, first in Northern African territories (Algeria, 1994; Morocco, 1996 and Tunisia, 1997) and followed immediately by sporadic cases and/or outbreaks in Italy (1998), France (2000 ), Portugal (2004 and Spain (2004 and (Autorino et al., 2002; Bofill et al., 2006; Jiménez-Clavero et al., 2008; Jourdain et al., 2007; Murgue et al., 2001b) . In 2008, WNV re-emerged in Italy, but this time showing a significant increase in severity (hundreds of equines affected and human clinical cases reported for the first time in Italy). The epidemic persisted, recurring more virulently in the following season (Monaco et al., 2010 (Monaco et al., , 2011 . In summer 2010, WNV outbreaks were reported almost simultaneously in Italy, Morocco and Spain (Calistri et al., 2010b; OIE, 2010a, b) .
Complete sequence analysis of the WNV genomes has proved to be a powerful tool for evaluating relatedness and reconstructing the evolutionary history and phylogeography of this virus (Davis et al., 2005; Grinev et al., 2008; Herring et al., 2007; May et al., 2011; Sotelo et al., 2009; Zehender et al., 2011) . Extensive sequencing of WNV genomes has made a large collection of sequence data publicly available, facilitating this task. However, in contrast to the high number of complete sequences available from North American WNV isolates, only 14 complete genome sequences from Western Mediterranean isolates have been made available to date. This fact is probably a consequence of the lower number of disease outbreaks and incidence in this area as compared with North America (Sotelo et al., 2009) . Therefore, as more full-length sequences become available from Western Mediterranean WNV isolates, better phylogenetic analyses can be carried out to infer the evolutionary history of this group of viruses, which would in turn eventually clarify certain epidemiological aspects that still remain unclear in this area, such as the number of introductions occurring in these years and the ability of the virus to establish an endemic cycle locally.
This study provides six new complete WNV genome sequences of isolates and field samples from recent WNV activity in the Western Mediterranean, four from wild birds collected in Italy in 2008 and 2009, one from a mosquito pool collected in 2008 in Spain and one from a horse affected lethally in 2010 also in Spain. The aim of this work was to elucidate the relatedness among these recent WNV, their relatedness to other WNV strains, previously isolated either from the same or other areas, and to infer an evolutionary history of this WNV cluster, shedding light on the epidemiology of WNV in the Western Mediterranean.
RESULTS AND DISCUSSION
The phylogenetic tree in the Western Mediterranean context With regard to WNV epidemiology, the Western Mediterranean region can be considered a geographical unit corresponding to a territory about 2000 km wide, delimited between 34 u N to 45 u N of latitude and 9 u W to 13uE of longitude, comprising both African (Algeria, Morocco and Tunisia) and European (France, Italy, Portugal and Spain) territories. WNV disease outbreaks have been reported in all these countries in the past 18 years. Twenty complete WNV sequences from viral isolates and field samples have been obtained from this area in this period. Of them, six are described in the present work. These sequences were compared to other full-length WNV sequences from Europe, Africa, North America and the Middle East (Supplementary Table S1 , available in JGV WNV phylogeny in the Western Mediterranean, 1996 Mediterranean, -2010 Online). A total of 42 complete genome sequences were included in the phylogenetic analysis, all belonging to lineage 1, clade 1a, since only WNV strains belonging to this clade have been identified in the Western Mediterranean to date.
According to a recent publication (May et al., 2011) , up to six phylogenetic clusters can be differentiated within clade 1a. Together with all the Western Mediterranean sequences available, representative sequences of all these clusters were selected for phylogenetic analysis, including all publicly available lineage 1 WNV complete genome sequences of African origin. Phylogenetic trees showed almost identical topology irrespective of the statistical method used in their construction [neighbour-joining (NJ), maximum-likelihood (ML) or Bayesian]. Only ML is shown (Fig. 1) . The tree confirmed the overall topology observed previously (May et al., 2011) . The most broadly represented clusters were those comprising recent and abundant WNV isolates and samples, obtained since 1996, namely the Western Mediterranean-Eastern European-Kenyan cluster and the Israeli-American cluster. The remaining four clusters, represented by fewer sequences, comprised historical WNV isolates collected before 1980 (Fig. 1a) .
The Western Mediterranean WNV sequences
Previous studies had already shown that all Western Mediterranean (WMed) WNV sequences since 1996 [with the notable exception of strain PaH001 (GenBank accession no. AY268133) isolated in Tunisia in 1997, which will be discussed below], constituted a single monophyletic group within lineage 1, clade 1a (May et al., 2011; Sotelo et al., 2009; Zehender et al., 2011 The opposite case was represented by the isolate Israel/00: it clearly clustered with the WMed subtype, despite having its geographical origin at the Eastern end of the Mediterranean, approximately 2200 km away from the closest WMed WNV foci. Genetically, it can be considered an 'early' variant of the WMed WNV, together with Morocco/ 96 and France/00 (this aspect will be discussed later). Phylogenetic analysis does not provide any evidence regarding the origin of this isolate, but its close relationship with the early strains of the WMed subtype suggests it could have been introduced into Israel either from the Western Mediterranean (where an earlier representative of this subtype was found in 1996) or, alternatively, from a third area where a close common ancestor could have originated all WMed viruses, including the Israeli variant.
The existence of at least two different WNV variants cocirculating in Israel between 1997 and 2001 has been reported by several authors (Banet-Noach et al., 2003; Briese et al., 2002; Hindiyeh et al., 2001) . Although using partial genome sequence analysis, these studies clearly point out that one of the variants was closely related to the NY99 strain and therefore belonged to the IsraeliAmerican cluster, while the other appeared to be related to European isolates, probably being part of the Mediterranean-Eastern European-Kenyan cluster. As shown in this work, at least one of these isolates clustered with the WMed subtype. Complete genome sequences of more Israeli WNV isolates would help to recognize the genetic heterogeneity of viruses that have circulated in this (n5500) is indicated at nodes. The evolutionary distances were computed using the optimal GTR+G+I model. A discrete gamma distribution was used to model evolutionary rate differences among sites (five categories, +G, parameter50.3514). The rate variation model allowed for some sites to be evolutionarily invariable ([+I], 28.37 % sites). The tree is drawn to scale, with branch lengths measured in the number of substitutions per site. There were a total of 10 778 positions in the final dataset. Phylogenetic analyses were conducted in MEGA5. GenBank accession numbers are indicated besides each isolate/strain name. (b) Detailed version of the phylogenetic tree shown in (a), showing all the Western Mediterranean WNV sequences, indicating the amino acid residue at position 249 of the NS3 non-structural protein (Pro, proline; Thr, threonine). Mediterranean, 1996 Mediterranean, -2010 country and to assess the number of introductions of WNV in recent times.
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Two groups within the WMed WNV subtype
Remarkably, and leaving aside three early WMed WNV isolates (Morocco/96, France/00 and Israel/00), which could be considered as early, less-evolved viruses, two groups of sequences clustered separately within the WMed subtype (Fig. 1) 
Emergence of the NS3 249 -Proline (P) genotype
The NS3 249 -P genotype has recently been proposed as a virulence determinant for WNV in American crows (Corvus brachyrrhynchos), while its threonine (T) counterpart has been shown to be less virulent for the same crow species (Brault et al., 2007) . The NS3 249 -P genotype arose at least three times in the evolutionary history of WNV (Brault et al., 2007) , always associated with virulent WNV outbreaks, and apparently causing pathogenicity in birds.
As shown in the present study, this phenotype has arisen again, independently, at least twice in the Western Mediterranean area, being present in both WNV variants (WMed-1 and -2) within the WMed subtype (Table 1 and Fig. 1b) (Jourdain et al., 2007) from dying birds (house sparrows and magpies) displayed the T genotype, similar to the virus from a lethal equine case of WN fever in Spain in 2010 (Table 1) .
Although the NS3 249 -P genotype is arising in the WMed, its significance with regard to pathogenicity is still unknown. In experimental studies performed recently, it has been shown that WMed WNV viruses with the NS3 249 -P genotype were not more pathogenic than those with the NS3 249 -T genotype, either in mice (Sotelo et al., 2009) or in E. Sotelo and others red-legged partridges (a common wild bird in southern Europe, which is susceptible to the disease) (Sotelo et al., 2011) . Independently of its role in pathogenicity, in the evolution of WNV it appears that the NS3 249 -P genotype confers selective advantages whereby viruses bearing this mutation could be transmitted more efficiently under certain circumstances, such as high temperatures (Brault, 2009 ).
Amino acid substitutions, evolution and adaptive radiation
The amino acid identity among all the sequences of WMed WNV compared in this study ranged from 99. .65 % aa identity). Comparing both groups, the number of amino acid substitutions ranged from 8 to 16. In the WMed-2 group, Spain/07 differs in 9 aa positions from Spain/08, and both differ in 11 and 16 aa positions, respectively, from Italy/98. The lowest relatedness in amino acid sequence corresponded to the Spanish sequences of 2008 (WMed-2) and the sequences belonging to WMed-1 group (12-18 and 18-23 aa changes, respectively).
Overall, these observations suggest that among earlier isolates, closer to the common ancestor, the relatedness was higher, and as the group evolved, new mutations originated a wide range of viral variants, possibly due to adaptive radiation. Remarkably, three isolates, namely, Morocco/96, Italy/98 and Morocco/03 appear to have minimum amino acid changes with respect to the rest of the WNV WMed sequences (mean no. of substitutions: 9.4, 8.1 and 10.1, respectively). This result indicates that these isolates were closer to the main divergence points in the evolution of the WMed WNV group. Morocco/96 could be next to the common ancestor of the WMed subtype, whereas Morocco/03 and Italy/98 could be next to the origin of groups WMed-1 and -2, respectively. These two main evolutionary groups could have arisen as a result of adaptations to two different local endemic cycles, involving, for instance, different local vectors and/or hosts.
Multiple introductions versus endemic cycles in the Western Mediterranean
One question arising from the above observations was whether WNV has remained circulating silently in the Western Mediterranean region for all these years, which would mean that it had been able to establish an endemic cycle after a single introduction in this area. Alternatively, the virus would have been introduced multiple times, putatively by wild birds infected from Africa, and extinguished accordingly each time.
In favour of the first hypothesis, evidence suggests that WMed WNVs have managed to overwinter on at least two occasions, one in Italy in -2009 (Monaco et al., 2011 and another in Spain (2007 Spain ( -2008 . This means that under appropriate conditions, these viruses can establish endemic cycles in these areas. Also, sequence and phylogenetic analyses indicated that later viruses evolved from earlier ones, defining two groups that have circulated in nearby areas for rather long periods. This fact supports the idea that WNV circulating in the Western Mediterranean can persist for long periods and move around the area. (Fig. 1a) . Instead, in the Western Mediterranean, sequence and phylogenetic relationships of recent viral strains support not several but only one single introduction event in 1996 or earlier, and since then WNV phylogeny in the Western Mediterranean, 1996 Mediterranean, -2010 evolution through adaptation to local conditions generated the viral diversity observed, which was dispersed throughout the area, probably carried by wild birds, but not necessarily long-distance migrants. Another introduction event followed by persistence could have originated the earlier WNV outbreaks in the same area in the decade of 1960s, as judged by the phylogenetic distance between a Portuguese isolate from 1971 and the WMed subtype (Fig. 1a) .
The epidemiology of WNV observed in the Western Mediterranean in the past 18 years could therefore be explained on the bases of endemicity, movement throughout the area and capacity to circulate silently. Based on these characteristics, and applying a widely accepted model of transmission of enzootic mosquito-borne viruses (Weaver & Barrett, 2004) , silent circulation might occur in a rural (endemic) cycle between mosquito vectors and avian hosts, which most often would remain unnoticed. Sporadic outbreaks would be originated under exceptional conditions, when a spillover from the rural cycle occurs.
This model for WNV epidemiology in the Western Mediterranean was suggested by previous studies performed with fewer WMed complete nucleotide sequences (Sotelo et al., 2009 (Zehender et al., 2011) .
Conclusions
From the sequence analysis of novel WNV isolates and field samples in Spain and Italy, it was shown that (i) local WNV variants might overwinter in the Western Mediterranean area; (ii) WMed WNV strains share a common origin, suggestive of a single introduction event; (iii) they have evolved and diverged into two groups, both of which have circulated recently; (iv) the NS3 249 -P genotype arose independently in the area at least twice, and was found co-circulating in the same territory with viruses with the NS3 249 -T genotype. All these characteristics suggest that the virus is maintained in nature circulating silently in endemic foci, and sporadic disease activity is a consequence of spillover from this cycle rather than the result of new introductions from exogenous foci.
METHODS
Viral strains and field samples. The origin of the six novel WNV full-length nucleotide sequences obtained in this study was from three WNV isolates and three field samples (Supplementary Table S1 Isolates were propagated in Vero cell cultures before cell-culture supernatants were subjected to nucleic acid extraction. The mosquito pool (33 Cx. perexiguus female mosquitoes) was homogenized in 0.5 ml minimum essential medium supplemented with 10 % FBS and antibiotics (50 U penicillin ml 21 and 50 mg streptomycin ml 21 ). Tissue samples (brain from a horse and pool of organs from a jay) were homogenized in 10 % PBS (w/v) prior to nucleic acid extraction.
RNA extraction, WNV genome amplification and sequencing.
Aliquots (0.1 ml) of infected-cell culture supernatants, homogenized organs or mosquito pool, were subjected to nucleic acid extraction as described previously (Sotelo et al., 2009) . WNV nucleic acid amplification was carried out by RT-PCR using 26 different primers sets covering the complete viral genome as described previously (Sotelo et al., 2009 ) (primer sequence details available from authors upon request). One-step RT-PCR kit (Qiagen) was used to run conventional RT-PCR assays. Amplification products were analysed by electrophoresis on a 2 % agarose gel containing 0.5 mg ethidium bromide ml
21
. Amplified DNAs were purified using ExoSAP-IT kit (GE Healthcare) and then sequenced bidirectionally by automatic dideoxy cycle sequencing techniques, Big Dye Terminator (version 3.1) Cycle Sequencing kit, in an ABI 3730 XL DNA Analyser (Applied Biosystems), using the same primers sets from the RT-PCR assays.
Sequence and phylogenetic analysis. Raw sequence data were assembled and analysed using specific SeqScape software (Applied Biosystems). The six complete WNV genome sequences determined in this study were submitted to GenBank (accession nos JF707789, JF719065-JF719069, Supplementary Table S1). These whole genome sequences were aligned with 36 other equivalent WNV sequences belonging to lineage 1a available in GenBank, including all reported WNV sequences from the Western Mediterranean region, using the CLUSTAL W algorithm within the MEGA 5 software package (Tamura et al., 2011) . Phylogenetic analyses were carried out using three different methods. The best-fitting nucleotide substitution models were calculated with dedicated utility available within the MEGA 5 software. Firstly, the distance-based NJ method (Saitou & Nei, 1987) was applied to construct the phylogenetic tree from the genetic distance matrix computed following the Tamura-Nei method with gamma distribution (Tamura & Nei, 1993) . ML estimation was carried out to infer the phylogenetic tree with the highest loglikelihood value, where the evolutionary distances were computed using the optimal GTR+G+I model (general time reversible with gamma distribution and invariant sites). Both NJ and ML methods were computed with specific applications available in the MEGA 5 software package, and bootstrap tests with 500 replicates were performed for supporting each tree grouping. Finally, Bayesian phylogenetic inference using the Markov Chain Monte Carlo (MCMC) method was performed by means of MrBayes v3.1 software (Ronquist & Huelsenbeck, 2003) . The MCMC analysis was run for 20 000 generations and sampled every 10th one, following the estimated GTR+G+I nucleotide substitution model. The inferred Bayesian tree was edited with TreeView and MEGA 5 programs. The most divergent Ethiopia 76 WNV sequence was used to place a root in all phylogenetic trees generated during this study.
